Introduction
Alumina ceramics have found various technological applications as high-strength materials and in electronics and catalysts because of their distinctive combination of physicochemical properties including hardness, resistance to aggressive media, refractoriness and electrical and thermal insulation [1, 2] . In recent years, increasing attention has been focused on the development of alumina powders with particle sizes at the nanoscale for advanced engineering applications such as transparent armours for ballistic performance [3, 4] .
Reducing the dimensions of a particulate material from microscale to nanoscale leads to considerable changes, both in the physical properties, such as electronic conductivity and optical absorption, and the mechanical properties since a much greater fraction of the atoms are located on the surfaces of the particles [5] . Nano-sized powders have an extremely high surface area, resulting in changes in both surface energy and surface morphology. These parameters then alter the basic properties and the chemical reactivity of the nanomaterials [6] . For instance, some nanocrystalline ceramics have demonstrated superplastic behaviour at elevated temperatures, enabling these ceramics to undergo up to 300% elongation before failure [6] . They have also been used as solid state bonding agents for joining large-grained commercial ceramics together at moderate temperatures because of having many short-circuit diffusion paths as a result of the high fraction of grain boundaries [7] . There are indications that nanoceramics could have extremely low thermal conductivity due to phonon scattering caused by the grain boundaries [8, 9] .
The formation of α-alumina occurs at temperatures as high as 1200˚C after a series of polymorphic transformations, including γ-alumina → δ-alumina → θ-alumina → α-alumina, upon heating. The α-nuclei form within the θ-alumina matrix at low temperatures and then grow rapidly to produce α-alumina colonies in the form of a porous network. The γ → δ → θ transformations are both displacive [10, 11] and have fairly low activation energies. However θ → α is a reconstructive transformation with high activation energy and proceeds through a nucleation and growth process [12] . Most of the activation energy for this transformation is required for the nucleation part of the process, hence temperatures up to 1200˚C are required [12] . This inevitably leads to a considerable degree of particle coarsening. The resulting, heavily aggregated, α-alumina powders then need to be mechanically milled and sintered at temperatures as high as 1600˚C in order to achieve densities near to theoretical [13, 14] , which results in further coarsening and grain growth. Therefore, achieving a reduction in the θ → α transformation temperature is a key requirement of forming nanostructured α-alumina powder.
Powders of α-alumina can be synthesized by several well-established synthesis methods, such as the Bayer process, sol-gel, precipitation and hydrothermal treatment [5] .
However, as indicated above, with most of these methods temperatures above 1200˚C are required to produce the final crystalline α-alumina phase. The exceptions require calcinations in specific atmospheres such as hydrogen halide [15] , which raises costs. A number of researchers have attempted to use seeding to increase the kinetics of the θ → α transformation and, hence, to control the development of the α-phase [13, [16] [17] [18] [19] .
Kumagai and Messing [17, 20] reported that by introducing α-alumina seed to boehmite gels, both the kinetics of the transformation and the microstructure of the final product could be improved. These seeded gels could be sintered to almost full density at only 1200˚C. Dynys and Halloran [12] studied the effects of introducing metal oxides such as MgO, Cr 2 O 3 and Fe 2 O 3 via water-soluble salts to boehmite. The results illustrated that addition of Fe 2 O 3 increased the kinetics of the phase transformation to α-alumina, whereas the other oxides had no effect. Li and Sun [13] investigated the effect of the presence of ammonium nitrate (a by-product of the precipitation of aluminium nitrate and ammonia solution) and α-alumina seeding on the transformation temperature to the α-phase. It was shown that addition of 5 wt% α-alumina seeds and 44 wt% ammonium nitrate could lower the temperature of the transition from around 1200˚C to 900˚C and the final α-alumina powder had a mean particle size of ~10 nm, though it also contained the much larger seeds.
Hydrothermal synthesis is an attractive environmental friendly alternative to the approaches mentioned earlier, with the advantage of being a single-step, low energy consumption process with no need for high-temperature calcination and extensive milling [21] . Further advantages include high chemical and phase purity, low aggregation level and narrow crystallite size distribution for the resulting material, in addition to excellent control of particle morphology [1] . It is possible to produce a wide range of particle shapes, both equiaxed, such as cubes, spheres, diamonds and bipyramids, and elongated morphologies, such as fibers, whiskers, nanorods, nanotubes and also platelets, nanoribbons, nanobelts, etc. The particle size can also range from a few nanometers to large single crystals [2, [22] [23] [24] [25] [26] [27] .
The phase relationships in the Al 2 O 3 -H 2 O system, which were established initially by Laubengayer and Weisz [28] and subsequently studied by several other investigators such as Ervin and Osborn [29] and Kennedy [30, 31] , Fig. 1 , revealed the presence of four phases in the temperature range of 0-500˚C and pressure range of 1-100 MPa.
These phases include gibbsite Al(OH) 3 
A number of researchers have attempted to reduce the phase formation temperature of the α-alumina phase to <380˚C by adding seeds to increase the kinetics of the α-alumina transformation and control the development of the desired α-phase [1, 2, 27] . Sharma and co-workers [2] reported the synthesis of α-alumina with a small amount of boehmite by using 4 wt% of seed with respect to the Al 2 O 3 via a co-precipitation method (pH~10)
followed by a hydrothermal treatment under a saturated water vapour pressure at 190˚C.
A mixture of two different types of surfactants was also used during the precipitation of precursors in this work in order to reduce the surface free energy of the initial particles.
Characterization showed that the synthesized α-alumina particles were about 60 nm in size with a surface area of 245 m 2 g -1 . Hydrothermal synthesis of fine α-alumina powders using seeds in an acidic environment at 200˚C was investigated by Yang, et al [27] . The results illustrated that α-alumina powders with a maximum crystallite size of 32 nm (calculated by the Scherrer formula) could be obtained by adding 4 wt% seed relative to the amount of the starting aluminium salt.
So far, to our knowledge, most of the researches have been focused on applying seeds to different chemical routes to obtain α-alumina at lower temperatures. However, the phase transformation process to α phase in reaction-formed seeded particles has rarely been 6 reported. The main focus of the present work was to study in detail the effects of α-alumina seeding in combination with the use of different chemical additives such as surfactants for both precipitation and hydrothermal synthesis methods with a view to controlling the size, phase and morphology of alumina nanoparticles.
Materials and methods
Fig . 2 shows a flow chart for the different routes used to produce the nano-alumina particles, whilst Tables 1 and 2 summarise the different experimental synthesis conditions used.
Hydrothermal synthesis
Aluminium chloride hexahydrate, AlCl 3 . used these two additives along with hydrothermal treatment to produce nanosized α-alumina [2] . In each case, 10 wt% with respect to the Al 2 O 3 content was added separately to the precursor solution with further stirring for 1 h.
For both the acidic and basic routes, α-alumina powder (BMA15, Baikowski, France) with mean particle size 150 nm, as shown in Fig. 3 , was gradually mixed into the solutions to act as seeds. For the acidic route 0, 1, 2, 3 and 4 wt% seeds were used whilst for the basic route just 4 wt% was added. The pH was subsequently changed; for the acidic route this involved gradually adding a 20% aqueous solution of tetraethyl ammonium hydroxide, TEAH (Merck KGaA, Darmstadt, Germany), to obtain cloudy suspensions with a pH of 3.0±0.1. For the basic route, 35% ammonia solution (Fisher Scientific, Loughborough, UK) was gradually added under continuous stirring until the suspension was converted to a gelatinous precipitate with a final pH of 10.0±0.1. In both cases, the precipitates were transferred into 30 ml stainless steel autoclaves lined with Teflon, filling about 70% of the autoclave volume; these were placed in an oven held at 220˚C. The pressure that developed inside the autoclave was the autogenous water vapour pressure. Subsequently, the resulting powders were washed with deionised water and absolute ethanol then separated from the liquid phase by centrifuging at 3000 rpm, desiccating in an oven at 80˚C for 24 h and ground using a pestle and mortar. As the hydroxides of alumina are soluble in acid, small amounts of each of the seeded samples were kept in 20% acetic acid solution for 30 min between washing and drying with the aim of removing any remaining aluminium hydroxide. After characterising the hydrothermally-synthesised ground powders, they were heat treated in air in a box furnace using a heating rate of 5˚C min -1 at 1000˚C for 6 hours.
Precipitation synthesis
The gelatinous precipitates prepared in section 2.1 were desiccated in an oven at 80˚C
for 24 h and subsequently ground with a pestle and mortar. To study the effects of adding surfactant and seed on the phase transformations of the precursor precipitates, samples with different compositions were prepared; for the first group no α-alumina seed or surfactant was added; for the second group only α-alumina seed was introduced to the precursor gel, and for the third group a mixture of both surfactant and α-alumina seed were added, see Table 2 . The ground powders were then treated in air in a box 8 furnace using a heating rate of 5˚C min -1 to temperatures of 800, 1000, 1100 and 1200˚C with dwell times of 1 to 12 hours.
Powder characterisation
The crystalline phase of the powders was determined using X-ray diffraction (Bruker D-8 Diffractometer, Karlsruhe, Germany) over the range of 2θ = 20-60˚ with a scanning speed of 0.02 ˚s -1 . The surface area and pore size distribution of the powders were measured by using an automated BET gas adsorption analyser (Tristar™ 3000, Micromeritics Instrument Corporation, Norcross, USA). The size and morphology of the particles were investigated by using transmission electron microscopy (Jeol-2000FX, Tokyo, Japan). To prepare samples for electron microscopy, an ultrasonic agitator was used to suspend the prepared powders in ethanol. After applying a small drop of the suspensions onto copper grids, they were left to dry in a sample box before being gold coated. Fig. 4 shows the XRD patterns of samples HA-0 and HA-4 (see Tables 1-3 For the powders synthesised via the basic route, Fig. 6 , before the hydrothermal treatment at 220˚C for 24 h, sample HB-0 (Fig. 6a) showed sharp peaks of crystalline ammonium chloride (salammoniac). However some weak broad peaks, highlighted by the arrows, were observed as well; these coincided with those of boehmite (AlOOH, aluminium oxyhydroxide, JCPDS 88-2112). This showed that the pseudoboehmite phase was formed during the precipitation process; the formation of this phase at high pH was due to the excess amount of hydroxyl groups coming from NH 4 OH. After the hydrothermal treatment, as shown in (Fig. 6b) , the fraction of the boehmite phase increased substantially. When α-alumina seeds were added, HB-4 ( Fig. 6c) , small amounts of α-alumina were observed along with the boehmite and salammoniac. Note that washing the post-hydrothermal powders with deionised water and absolute ethanol did not help to remove the ammonium chloride phase present in the samples and the 30 min wash in acetic acid solution did not succeed in removing the boehmite, though the XRD peaks indexed as boehmite did disappear after the powder was heat treated at 1000˚C, as demonstrated in (Fig. 6d) .
Results and discussion

Hydrothermal synthesis
Upon heating, the boehmite phase goes through a series of polymorphic transformations including γ → δ → θ → α before reaching the stable α-alumina form [13] . Thermal analysis of samples HB-0 and HB-4, Fig. 7 , showed two endothermic peaks existing at 70.5˚C and 188.8˚C for both samples. The former was due to the evaporation of absorbed water and the latter was caused by removal of the structural water existing in the oxyhydroxide phase. There was a noticeable endothermic peak at 328.5 ˚C for both samples, which was compatible with the decomposition point of ammonium chloride and was associated with sublimation of this material present in the samples as the byproduct of the synthesis process. There was an exothermic peak at 975.5˚C and 1157.7˚C for HB-0 and HB-4 samples, respectively, which was caused by θ-alumina → α-alumina phase transformation. Comparison of the above results revealed that when similar conditions of hydrothermal treatment and 4 wt% seed addition were used, the acidic route led to the pure α-alumina phase, at least to the limit of resolution of X-ray diffraction, whilst the basic route led to a powder that still retained significant quantities of boehmite and ammonium salts.
However, the amounts of powder produced by the acidic route were considerably less than the powder made by the basic route. This might be because the basic aluminium salts are highly soluble and can be precipitated only at a high OH/Al ratio [32] .
Therefore, during the acidic route at pH~3 less precipitate was formed compared to the basic route. This resulted in less amount of boehmite after the hydrothermal treatment, which could not be fully detected in the samples, particularly those with 4 wt%-seeds due to the limited resolution of X-ray diffraction and the high fraction of α-alumina seed used. This assumption, along with the fact that the morphology of the α-alumina particles in the final powder was very similar to the seeding powder, suggests that the low amount of α phase detected after the hydrothermal treatment could be primarily the α-alumina seeds added to the precursor solution during the initial precipitation process.
Precipitation synthesis
The phases detected by XRD are presented in Table 3 for each of the powders formed.
It can be seen that higher temperatures and/or longer times led to a greater fraction of α-alumina in the final powder, as expected; similar results have been reported by other researchers [13, 20] . When α-alumina seeds were added, the conditions required to form the α-alumina phase were significantly reduced. For example, for unseeded samples either 3 h at 1100˚C or 1 h at 1200˚C were required to produce powder in which no θ phase could be detected by XRD. When 4 wt% of seeds were included, either 1 h at 1100˚C or 6 h at 1000˚C was sufficient to avoid the theta phase. A temperature as low as 800˚C, albeit for 12 h, could be used to achieve an approximately 50/50 mix of α and θ-alumina when the seeds were used; without the seeds 1000˚C for 6 h was required to achieve a similar result. This reduction in the formation temperature of α-alumina is due to the effect of seeding, which can be described by heterogenous nucleation theory. As each of the added seeds provided multiple nucleation sites for phase transformation to α-alumina, the transformation kinetics increased considerably and as a result the transformation temperature was lowered [13, 33, 34] .
TEM investigation of the non-seeded samples revealed that calcination at 1000˚C for 1 h yielded ~20 nm particles of θ-alumina, Fig. 10a . The surface area of this powder measured by the BET method was 122.4 m 2 g -1 , leading to a calculated average particle size of 12 nm, which was approximately compatible with the TEM results.
To obtain only α-alumina particles required calcination at temperatures as high as 1200˚C, although these conditions yielded particles with a mean size of about 200 nm, Fig. 10b . The average particle size of this powder was calculated to be 185 nm using the BET surface area value of 8.1 m 2 g -1 . The pore size distribution trends of powders P-10-6 and P-12-1 are demonstrated in Fig. 11 . In comparison to the monomodal pore size distribution of the former, the bimodal nature of P-12-1 suggested that the powder was agglomerated due to the high temperature heat treatment. The peak at ~170 nm is probably the intra agglomerate porosity, whilst that at ~400 nm can be corresponded to the inter-agglomerate pores. When seeds were added to the precursor solution, the results were highly agglomerated ultra-fine particles of θ and α-alumina along with the seed particles, Figs 12a and b, matching the results from the XRD. 13 The introduction of surfactant to the initial precursor solution had negligible effect on the amount of α-alumina phase observed in the calcined powder. As shown by the XRD results displayed in Table 3 , samples P-S4S10-8-12 and P-S8S10-8-12 each contained approximately 10% less θ-alumina, and hence 10% more α-alumina, than P-S4-8-12 and P-S8-8-12 respectively, the equivalent samples without surfactant. The TEM micrograph of the former is displayed in Fig. 12c , where the top left inset presents the SAEP of the agglomerated areas showing ring patterns consistent with those of both θ and α-alumina and the bottom right inset showing sharp diffraction spots corresponding to α-alumina, which could be due to the presence of the alumina seeds. As can be observed in Figs 12c and d , where the addition of surfactant did help was in reducing the degree of agglomeration of the gelatinous precipitate and also the seeding powder, due to the surfactant interaction with the particle surface in order to reduce the particle surface free energy, which resulted in softer and less-agglomerated powder with higher fraction of α-alumina after heat treatment. Powders P-S4-8-12 and P-S4S10-8-12
possessed BET surface area values of 32.5 and 34.6 m 2 g -1 , respectively. The slightly higher surface area value of the latter could be due to the presence of surfactant in the initial solution prior to precipitation, which led to a lower level of agglomeration in the final powder.
Conclusions
The addition of α-alumina seeds during the low temperature hydrothermal treatment (≤220˚C), as a direct transformation route without the formation of transient alumina,
was not successful in obtaining α-alumina powder in both basic and acidic atmospheres under a saturated water vapour pressure Crystalline boehmite was the only phase formed in both hydrothermally-synthesized non-seeded and seeded samples along with 14 traces of α-alumina due to the existence of seed crystals. In order to obtain α-alumina powder via hydrothermal method at low pressures, higher temperatures, ≥380˚C, need to be investigated.
The precipitation method was also used to synthesize fine α-alumina powders from aluminium chloride and ammonia solution. It was shown that by seeding the initial precipitate, the temperature of the θ-Al 2 O 3 →α-Al 2 O 3 transformation could be lowered to 800˚C. The presence of sufficient amount of seeds have been reported to lower the θ → α transformation temperature, as seeding decreases the activation energy of the nucleation process [13, [17] [18] [19] .
Introducing 10 wt% of a mixture of two surfactants to the precipitate, led to less agglomeration and higher fraction of α phase present in the powders heat treated at temperatures as low as 800˚C by modifying both the surface of the primary particles and also the seed particles added to the precipitate. 
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